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Abstract—The nanosilica filled composite is a promising mate-
rial for the no-flow underfill in flip-chip application. However, as
the filler size decreases into the nano length scale, the rheolog-
ical, mechanical, and thermal mechanical properties of the com-
posite change significantly. The filler–filler and filler–polymer in-
teractions have a profound impact on the material properties. The
purpose of this paper is to achieve an in-depth understanding of
the effect of the filler size and surface treatment on material prop-
erties and therefore to design a nanocomposite formulation with
desirable material properties for no-flow underfill applications.
Mono-dispersed nanosilica filler of 100 nm in size were used in
this study. An epoxy/anhydride mixture was used as the base resin
formulation. The nanosilica fillers were incorporated into the resin
mixture to different filler loadings from 5 wt% to 40 wt% with or
without silane coupling agents as the surface treatment. UV-Vis-
ible spectroscopy showed that the underfills with nano-size filler
were transparent in the visible region even at high filler loading.
The curing behavior and the Tg of the nanocomposite were studied
using a modulated differential scanning calorimerter. It was found
that the presence of the nanosilica could hinder the curing reaction,
especially at the late stage of cure. The Tgs of the nanocomposites
with untreated silica were found to decrease with the increasing
filler loading. The measurement of the dynamic moduli from dy-
namic mechanical analyzer indicated that there was a secondary
relaxation related to the filler–polymer interface. The coefficient
of thermal expansion of the nanocomposite was measured using a
thermal mechanical analyzer. The rheology of the nanocomposite
was studied using a stress rheometer. It was found that the filler
treatment could significantly reduce the viscosity of the nanocom-
posite and improve the processing capability of the underfill. Den-
sity measurements and moisture absorption experiments both indi-
cated that the addition of nanosilica could increase the free volume
of materials. The dispersion of the nanosilica in the cured com-
posite materials was observed using scanning electron microscopy.
Control samples with micron-size silica fillers were formulated and
characterized for comparison.
Index Terms—Electronic packaging, flip chip, nanocomposite,
no-flow, silica, underfill.
I. INTRODUCTION
THE introduction of well-dispersed inorganic particles intoa polymer matrix has been demonstrated to be extremely
effective in improving the performance of the polymer com-
posites. Because of the exceptionally low coefficient of thermal
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Fig. 1. No-flow underfill process.
expansion (CTE) of silica (SiO ), which is only 0.5 ppm/ C, the
silica filled composite materials have attracted much attention to
reduce the CTE of polymer composites and to improve the me-
chanical properties. A typical example of a silica-filled polymer
composite in microelectronics applications is the underfill.
Underfill is a layer of adhesive that is applied between the chip
and the substrate to alleviate thermal mechanical stress on the
solder joints in the flip-chip package [1]. Silica is used as the
filler to reduce the CTE of underfill so as to match the CTE of
the solder material to achieve high reliability [2]. In conventional
underfills, the size of the silica fillers is in the micrometer range,
and traditional methods such as shearing and milling can be used
to achieve high filler loading level. With the fast development
of the electronics industry, electronics products are becoming
smaller, faster, and less expensive with more functionality and
better performance. Underfill technology has evolved as well
to meet the demand of decreasing feature size and increasing
input/output (I/O) number in the integrated circuit (IC) chip.
New technologies such as no-flow underfill and wafer level
underfill have been invented to replace the conventional capillary
flow underfill and to reduce the cost of the flip-chip [3]. In the
no-flow underfill process, as schematically displayed in Fig. 1,
the underfill material is dispensed on the substrate. Then the
IC chip is placed onto the substrate, and the whole assembly
is subjected to solder reflow. The underfill materials are cured
during the same process. This technique simplifies the flip-chip
underfill process by eliminating separate flux application and
cleaning steps, avoiding time-consuming underfill capillary
flow, and combining solder reflow and underfill curing into one
step. Thus, the no-flow underfill process can greatly improve
the production efficiency of the flip-chip assembly.
Since the no-flow underfill is applied prior to the placement
of the IC chip, conventional micron-size fillers have a great
propensity of being entrapped between the solder bumps on the
chip and the contact pads of the substrate [4]. The trapped fillers
prevent solder wetting on contact pads and thus significantly re-
duce the solder joint yields. Another problem related to the un-
derfill filled with micron-size silica is that it becomes opaque at
high filler loading due to light scattering. This introduces diffi-
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culty in vision recognition during the chip placement since the
underfill covers the bond pads on the substrate.
With the advancement in nano-science and nano-technology,
the production of nanosilica through the sol gel process has been
widely used in both scientific research and engineering devel-
opment. Researchers [5] have found that the nanosilica in the
size region of 100 to 150 nm do not tend to settle in the resin
and the resulting nanocomposite material does not suffer from
the filler entrapment in the flip-chip assembly. Gross et al. [6]
demonstrated a successful flip chip assembly with no-flow un-
derfill filled with nanosilica. The thermal cycling data showed the
nanocomposite underfill had the potential to achieve a significant
reliability enhancement. However, as the filler size decreases into
the nano level, the rheological, mechanical, and thermal mechan-
ical properties of the composites change significantly. Nano-size
silica is known to agglomerate easily due to its high surface area
and hydrophilic surface property. As such, the viscosity of the
nanocomposite underfill tends to be high, which makes it im-
possible to achieve high filler loading with good flow ability of
liquid underfill. Chemical treatment of nanoparticle surface is
necessary to improve the compatibility between the nanofiller
and the resin, so as to decrease the viscosity of the underfill.
In this paper, nanosilica with and without surface treatment
were used as fillers in no-flow underfills. The rheological, op-
tical, physical, thermal mechanical properties, and curing be-
haviors of these materials were studied in comparison to the
control samples with micron-size silica filler. The objective of
this study was to elucidate the filler–filler and filler–polymer
interactions in the composites and to achieve an in-depth under-
standing of the effect of the filler size and surface chemistry on
the underfill material properties.
II. EXPERIMENTS
Silica nanoparticles (SiO , 100 nm average diameter) were
commercially available and used as-received or treated with
silane additives. For comparison, conventional silica with a
3- m average diameter was also used as filler. The epoxy
used was diglycidyl ether of Bisphenol-A type (EPON828,
from Shell Chemicals with an average molecular weight of
377). The hardener was hexahydro-4-methylphthalic anhydride
(HMPA, from Lindau Chemicals). A polymer-encapsulated
imidazole derivative from Shikoku Chemicals was used as a
latent catalyst. -glycidoxypropyl-trimethoxysilane (GPTMS)
and surface-active additive tetra- -butyl titanate (TnBT) were
used as the silica modification compounds into the underfills.
All of these chemicals were used as received.
The base polymer formulation was prepared by mixing
EPON828 and HMPA with a weight ratio of 1:0.75. After stirring
the polymer mixture for 10 min, the catalyst, with 1 wt% based on
the polymer mixture, was added into polymer liquid and stirred
for another 30 min until a homogenous polymer solution was
achieved. A specified quantity of filler was added into the base
polymer and the mixture was sonicated for 30 minu using a Soni-
cator (Misonix 3000) at a power of 450 W. To treat the nanosilica
surface, 3 wt% silane GPTMS and 1 wt% TnBT based on silica
filler were added and the mixture was sonicated for another 5 min.
All the samples were named according to their filler nature and
loading. For example, “treated-30” means an underfill sample
with 30 wt% surface-treated nanosilica, and “3 m-30” means
that with 30 wt% micron silica. The filler loading of the com-
posite was 5%, 10%, 20%, 30%, and 40% in weight percent.
The viscosity of the underfills at room temperature was
studied using a stress rheometer (TA Instruments, AR1000N)
in a steady flow mode. A cone-and-plate geometry was used.
A liquid underfill sample was dispensed on the plate before the
run and the experiments were conducted with a stepped shear
rate from 0.01 to 100 s .
Light absorption measurements of underfills were made on a
UV-Visible spectrophotometer (Beckman Du520). To prepare
the sample, the liquid composite underfill was coated on the
quartz glass slide with a thickness of 25 m. Then the specimen
was put into the chamber of the UV–Vis spectrophotometer and
scanned from 350 nm to 750 nm which included the visible
region.
The curing behavior and glass transition temperature of the
epoxy composites were characterized by a modulated differen-
tial scanning calorimeter (DSC, TA Instruments, Model 2920).
A sample of approximately 10 mg was sealed in a hermetic alu-
minum pan. A dynamic scanning experiment was conducted
with a ramp rate of 5 C/min, from ambient temperature to
300 C, to obtain the curing heat flow diagram of the com-
posite. The cured sample was left in the DSC cell and cooled
to room temperature. Then the sample was reheated to 200 C
at 5 C/min to obtain another heat flow diagram. The initial tem-
perature of the heat flow step of the second diagram is defined
as the DSC glass transition temperature (DSC Tg).
In order to evaluate bulk properties of the composite samples
after curing, the liquid filler-polymer mixture was poured into
an aluminum dish and cured in the convection oven at 150 C
for 1 h and 180 C for another 2 h.
A dynamic mechanical analyzer (DMA, TA Instruments,
Model 2980) was used to measure the dynamic moduli and glass
transition temperature of the composites. The cured sample was
cut into a strip with dimensions of about 18 6 2 mm. The
test was performed in a single cantilever mode. The temperature
was increased from room temperature to 250 C at a heating
rate of 3 C/min, while the storage modulus (E’), loss modulus
(E”) and were calculated by the pre-installed software.
The DMA Tg was determined by the corresponding peak of the
loss modulus (E”) curve.
The coefficient of thermal expansion (CTE) of the cured
sample was measured on a Thermomechanical analyzer (TMA,
TA Instruments, Model 2940). The dimensions of the sample
were about 5 5 2 mm. The sample was heated in the TMA
furnace at 5 C/min from room temperature to 200 C. The
CTE before the Tg is defined as and after the Tg as .
The density was measured by using the Archimedes approach
[7], [8], where the cured sample was weighed in air and then
in water using a balance with a reproducibility of better than
0.5 mg. The average of measurements of at least three specimens
was reported for each sample.
The cured underfill was subjected to temperature/humidity
aging at 85 C and 85% RH. The sample was taken out of the
aging chamber and the increased weight due to moisture uptake
was recorded daily.
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Fig. 2. Curing behaviors of base underfills and composite by DSC.
Fig. 3. Glass transition temperatures of composite underfills by DSC.
The dispersion of the nanosilica in the cured composite mate-
rials was observed using a scanning electron microscope (SEM
Hitachi S800). A preliminary wetting test was performed using a
eutectic SnPb solder bumped quartz chip and a Cu substrate. The
bumps were area-array distributed; the diameter of the bumps
was 75 m. The no-flow underfill was first dispensed on the
Cu board, followed by the placement of the quartz chips on the
underfill. Then the assembly was subjected to the standard eu-
tectic SnPb solder reflow process. The wetting of the solder on
the copper board was observed using an optical microscope.
III. RESULTS AND DISCUSSIONS
A. Curing Behaviors and Tg of Composite Underfills
The curing behaviors of composite underfills were character-
ized by DSC dynamic heating experiments. The curing profiles
of a underfill with 30 wt% silica, including micron silica, un-
treated nanosilica and treated nanosilica, are shown in Fig. 2.
For comparison, the underfill without silica is also included in
the figure. As can be seen from Fig. 2, the micron size fillers
did not affect the curing process of the epoxy resin. However,
the presence of the nanosilica could inhibit the curing reac-
tion, especially at the late stage of cure. Both treated-30 and
untreated-30 samples had a delayed “tail” in the curing curves.
For the development of nanocomposite underfills, the cure inhi-
bition effect caused by nanosilica could bring a negative effect
to the underfill process since it needs longer post-cure time.
Fig. 3 shows the DSC Tg of silica composite underfills. It
can be observed from the graph that the addition of nanosilica
Fig. 4. Viscosity of silica filled composite underfills.
can decrease the Tg of the composite appreciably while the mi-
cron-size fillers does not have a significant effect on the Tg of the
composites. The Tg of untreated-40 sample was almost 40 C
lower than that of the pure epoxy. On the other hand, silane treat-
ment on the fillers could increase the Tg of the nanocomposites
by several degrees at high loading levels. The Tg depression in
nanocomposites might be due to two reasons. First, nano-size
filler can inhibit the curing reaction as mentioned before, re-
sulting in a lower crosslinking density in the epoxy matrix and
therefore has a lower Tg. Second, nanosilica has a much larger
surface area and interfacial interaction with epoxy matrix than
the micron silica. The large filler-resin interface creates extra
free volume leading to a lower Tg. The silane treatment on the
silica surface improves the compatibility between the fillers and
the resin, which decreases the free volume at the interface and
therefore slightly increases Tg.
B. Rheological and Optical Behavior of Composite Underfills
Fig. 4 shows the viscosity of the composite underfills at room
temperature as a function of filler loading with 3- m, nano-
treated and nano-untreated silica fillers. As can be seen from
the figure, the addition of nanosilica filler can significantly in-
crease the underfill viscosity, especially at high filler loading.
The viscosity of the underfill with 50 wt% nano-size filler ex-
ceeded 500 Pa s, more than 100 times higher than the one
with 50 wt% micron-size filler. This brings a great challenge
to process and apply the nanosilica filled composite underfills
in no-flow underfill assembly. Results also showed that the sur-
face treatment on the nanosilica surface would enhance the com-
patibility between the filler and the epoxy matrix and lower the
viscosity of the composite material. The underfill with surface
treated nanosilica had a significantly lower viscosity at high
filler loading than the one without surface treatment. The silica
surface modification is an effective way to reduce the viscosity
of the nanosilica composite underfill and to improve their pro-
cessing compatibility.
The light absorption property of composite underfills with
different filler size is shown in Fig. 5. The transmittance of
light in the visible region decreased greatly with the 3- m
silica fillers while composite underfills with nano-size silica
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Fig. 5. Effect of filler size on the UV-Vis spectra of the composite underfills.
Fig. 6. CTE of silica filled composite underfills.
were almost as transparent as pure epoxy in visible region
(400–700 nm). Since no-flow underfill is pre-applied on the
substrate before chip placement, an optically transparent liquid
is desired for vision recognition during the chip placement
process. The underfill filled with micron-size silica becomes
opaque at high filler loading due to light scattering. This intro-
duces difficulty in the chip placement since the underfill covers
the bonding pads on the substrate. Nanosilica filled underfill,
on the other hand, is transparent to visible light because the
filler has a particle size smaller than the wavelength of the vis-
ible light. The nanosilica composite underfills provide unique
optical properties for chip assembly application.
C. Thermal Mechanical Properties
The primary purposes of loading silica filler into no-flow un-
derfill are to reduce the coefficient of thermal expansion (CTE)
and to increase the elastic modulus. These two thermal mechan-
ical properties are critical parameters to the thermomechanical
reliability of a flip-chip package [9]. Fig. 6 shows the CTE value
of composite underfills as a function of filler loading. For all
three kinds of filler, the CTE decreased almost linearly as the
filler loading increased. There was no obvious difference in CTE
value for underfill with untreated and silane treated nanosilica.
Fig. 7. Dynamic moduli of composite underfills with untreated nanosilica.
Fig. 8. Comparison of dynamic moduli of composite underfills with different
nanosilica.
It was found that the CTE of the composite not only depended
in the silica loading, but also the silica size [10]. Some litera-
ture showed that the CTE of composite underfills could reduce
from 40 ppm/ C to 26 ppm/ C as the filler size decreased from
30 m to 7 m at 70 wt% filler loading. This experiment also in-
dicated that the CTE of underfill with nanosilica is smaller than
that with 3 m filler at the same loading level. This is because
the interface of the filler particles and the resin matrix constricts
the expansion of the epoxy matrix. Therefore, an increase in the
constriction of the matrix due to increased surface area of the
nanosilica allows a decrease in the expansion of the matrix.
Fig. 7 shows the dynamic moduli of underfill with untreated
nanosilica measured by DMA. The Tg of the underfill measured
by peak temperature of loss modulus showed the same trend as
observed in the DSC experiment; it decreased as filler loading
increased. However, at low filler loading (5, 10, and 20 wt%),
the loss modulus showed a secondary relaxation process below
the glass transition, possibly related to the surface relaxation
at the resin-filler interface. As the filler loading increased, this
secondary relaxation overlapped with the glass transition. In
other words, with the increase of the interface between the filler
and the resin, the surface relaxation became dominant and re-
duced the Tg of the composite. Fig. 8 shows the comparison
of dynamic moduli for underfills with the treated and untreated
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Fig. 9. Moisture uptake evaluations for underfill with different silica: (a) one day, (b) two days, (c) three days, and (d) four days.
20 wt% nanosilica. Unlike the untreated-20 nanosilica com-
posite, the secondary relaxation below the glass transition was
not observed in the loss modulus of the treated-20. It is possible
that the silane treatment alters the interfacial properties and im-
proves the compatibility of the resin-filler interface.
D. Moisture Absorption and Density Measurement
Silica composite underfills were also characterized in term
of moisture absorption. The cured underfills were subjected to
temperature/humidity aging at 85 C and 85% RH. With the as-
sumption that all the weight increasing during the 85 C/85%
RH aging was due to the water absorption in the polymer, the
moisture uptake was normalized to polymer weight percentage.
Fig. 9 shows the evaluation of moisture uptake in underfills with
aging time. As can be seen from Fig. 9, micron-size filler did
not alter the moisture absorption behavior of the polymer ma-
trix. However, the nano-size filler increased the moisture ab-
sorption due to the additional free volume at the interface. As
filler loading increased, the effect became more prominent.
Generally, moisture absorption processes in polymer com-
posites can be described by Fick’s second law of diffusion,
which can be expressed as [11]
(1)
where and are the moisture content at time and the
equilibrium or maximum moisture content, respectively. is
the diffusion coefficient and is the sample thickness.
At short times (i.e., the initial absorption), (1) can be reduced
to
(2)
which can be rewritten as
(3)
where is a rate constant relating to the diffusion coefficient.
To elucidate this phenomenon clearly, the moisture absorp-
tion of underfills with 30 wt% filler as a function of time before
moisture saturation is shown in Fig. 10. The moisture absorption
kinetics was also calculated according to the (3). It can be seen
that surface treatment of nanosilica slowed the rate of moisture
uptake in the composites. The samples with both treated and un-
treated nanosilica had much higher moisture uptake and faster
absorption rate than the pure polymer and micron-sized com-
posite. The parameters for (3) were listed in Table I for four
samples, which also indicated the different
The experiments on moisture absorption showed that the
incorporation of nano-size filler into the polymer matrix could
change the free volume of polymer. In order to verify the differ-
ence of free volume at glassy state, a density measurement was
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Fig. 10. Kinetics of moisture uptake for the samples.
TABLE I
MOISTURE ABSORPTION KINETICS PARAMETER
Fig. 11. Density measurement for silica filled composite underfills.
conducted for composite underfills. The influence of the silica
content and size on the density of the composite underfills is
shown in Fig. 11. It can be seen that the density of the compos-
ites with 3- m silica was higher than that with nanosilica. This
difference was much more evident at the high filler loading.
These results are consistent with the moisture absorption and
glass transition temperature experiments, i.e., the nano-size
silica can change the free volume of polymer in composites,
Fig. 12. SEM photographs of nanosilica composite materials: (a) untreated-30
and (b) treated-30.
so the nanocomposites show a lower density, higher moisture
absorption and lower Tg than micron-size filled composites.
The density of the nano-treated sample was slightly higher than
that of the nano-untreated. This means that silane modification
to nanosilica can improve the compatibility of the silica and
polymer phases and thus result in a more “compact” composite
structure and less free volume in the polymer.
E. Morphology
To investigate the dispersion of nanosilica in the epoxy ma-
trix, the cured composite materials were polished carefully to
get a very reflective surface. The thin sections of polished sur-
face were cut and mounted on an aluminum stub using a conduc-
tive tape and were sputter-coated with gold before the cross-sec-
tion examination. Fig. 12 shows the SEM photographs of cured
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Fig. 13. Wetting picture of quartz chip with treated-30 underfill.
underfill with 30 wt% treated and untreated nanosilica, respec-
tively. The nanosilica without silane treatment formed large ag-
glomerations and obviously phase separated from the polymer
matrix, as shown in Fig. 12(a), while after silane treatment, the
nanosilica kept even mono-dispersion in the polymer matrix
without large aggregation, as shown in Fig. 12(b). This serves
as direct evidence that the silane treatment can change the silica
surface properties and improve the compatibility between silica
and epoxy, so nano-treated samples have tighter integration of
the inorganic-organic phase and less interfacial interaction be-
tween nanosilica and epoxy than nano-untreated ones. The dis-
advantages with small size and large surface area of nanosilica,
which greatly influence the composite material properties, can
be overcome by silane treatment of the nanosilica surface, as in-
dicated by previous experimental results.
F. Wetting Test
A preliminary wetting test was carried out with 30 wt%
treated nanosilica underfill using quartz chips and clean lami-
nated FR-4 board. A fluxing agent was added to the underfill to
eliminate the surface oxide on the solder. Fig. 13 shows the top
view of the test coupon. The solder balls on the quartz chip wet
well on the copper board below with the fluxing of the underfill.
The incorporation of treated nano-size silica did not hinder the
formation of the solder joint between the quartz chip and the
copper board. This indicates that surface modified nanosilica
composite can be used as no-flow underfill.
IV. CONCLUSION
Nanosilica composite underfills were prepared and character-
ized for their curing behaviors and physical, optical, rheological
and thermal mechanical properties. Compared with micron-size
silica, nanosilica would not interfere with the solder joint for-
mation in the no-flow process, and it was transparent to visible
light, which can benefit the flip chip assembly. Additionally, the
CTE of nanosilica filled underfill was lower than that filled with
micron silica at same loading level. However, nano-size filler
also had some negative effects on the underfill materials due
to large surface areas and interfacial interactions, including re-
ducing the composite Tg, inhibiting the epoxy curing, extremely
high viscosity at high loading level, high moisture absorption,
and low density.
However, the results also showed that the compatibility be-
tween nanosilica and the epoxy matrix was greatly enhanced by
silane modification of the nanosilica surface. Therefore, draw-
backs caused by the incompatible interface between nanosilica
and the epoxy matrix can be overcome.
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